Highly dense and homogeneous yttria (Y 2 O 3 ) thin-wall tubes have been successfully fabricated by applying tape-casting and radial magnetic pulsed compaction (RMPC) followed by thermal sintering. Since a homogeneous density distribution was obtained in the RMPCed compact, by using the Y 2 O 3 -based tape instead of a stuck of raw powder, cracking and bending were inhibited throughout the process up to the final sintered body. The relative density of the resultant tube reached 99.9%, and the structure was very fine with grain sizes of 2$5 mm. Moreover, when the granulated powder was used as the precursor of the tape, the thermal densification was promoted due to its enhanced sinterability as compared to the raw powder.
Introduction
The reduction of contaminants becomes one of the main issues in semiconductor processing, as the processing power grows with the increasing wafer sizes. 1) These contaminants are usually caused by an erosion of the processing components during plasma processing, which is attributed to the reaction with chemically active radicals and the cation attacks under plasma exposure.
2) Therefore, alumina (Al 2 O 3 ) ceramics prepared by the sintering process are widely used as plasma-resistant materials, due to their good wear and chemical resistances.
3) However, a recent demand for using high processing power with exceedingly dense plasma surpasses their performances. 3) A candidate material that retains a higher resistance to such severe plasma etching environments is yttria (Y 2 O 3 ), as it generally shows a superior plasma and chemical resistance against etching gases of Cl, F and O as compared to Al 2 O 3 . 4) Despite these excellent properties, the practical application of Y 2 O 3 has been mostly restricted to thin coatings, rather than bulk form, owing to its poor compactability and sinterability. 4, 5) Particularly, it has been very difficult to fabricate an Y 2 O 3 thin-wall tube with a stepped shape in its outer diameter, i.e. etching gas jet nozzles used in the semiconductor processing chamber. A main problem in fabrication of such complex shaped Y 2 O 3 parts by conventional powder processing is crack introduction during sintering, which is mainly caused by an inhomogeneous powder packing in green compacts, especially near the diametrical stepped shape.
In this study, radial magnetic pulsed compaction (RMPC) followed by thermal sintering was introduced to fabricate a dense and homogeneous Y 2 O 3 thin-wall tube. RMPC is known to have certain advantages such as high density, chemical cleanness and uniformity over the previous alternative methods including slip casting, plasma sputtering and hydrostatic compaction. 6) In addition, the tape-casting method was newly employed for preforming Y 2 O 3 thin tapes, which were used as a starting material for RMPC instead of the raw powders. The densification behavior of the Y 2 O 3 compacts was comprehensively investigated with the different conditions of precursor powders, and the results were compared with specimens made from raw powders.
Experimental
Two types of starting Y 2 O 3 powders were supplied by KOMICO CO. LTD. in the Republic of Korea. The first one was the fine raw powder with a particle size of about 900 nm and a purity of 99.8% (P1 powder), and the other was the granule powder prepared by spray-drying of the raw powder (P2 powder). The raw powder was purely cubic structure with a lattice parameter of 1.0603 nm and the P2 powder contained a 4 mass% polymeric additive for granulation. As shown in Fig. 1 , the raw powder was strongly agglomerated with an irregular shape (polygonal geometry), while the granule powder was distributed individually with a spherical shape (granule size: about 10 mm).
Y 2 O 3 -based tapes were prepared by tape-casting from a butyral resin suspension. The starting Y 2 O 3 powders were suspended in alcoholic solution with a 13 mass% polymeric additive (butyral resin). This suspension was mixed up with a help of ultrasonic activation and then was evaporated up to desired concentration. This slurry was cast on a lavsan film and dried in the tape-casting equipment. An example of the Y 2 O 3 -based tapes with a width of 80 mm and a thickness of 15 mm is shown in Fig. 1(c) . Details of the tape-casting procedure appeared in the Ref. 7) . Hereafter, the tapes prepared using P1 and P2 powders will be designated as T1 and T2 tapes, respectively.
The thermal analysis was conducted on each prepared powder and tape in order to confirm the decomposition of polymeric additive during heating. The heating rate was kept at 5 C/min and all the experiments were performed in air, by using the commercial equipment made from SETRAM Instrumentation, France (model: Setsys Evolution).
The produced tape was reeled up densely on a steel rod with a diameter of 6 mm (the number of stacking: 200 turns), and placed into a copper tube with a minimal gap between the tape-reeled preform and the tube internal. The steel rod inside the tape defined a channel diameter of the resultant thin-wall tube. The copper tube had an outer diameter of 14 mm and a thickness of 1 mm. The tape-reeled preform was then compacted by RMPC, i.e. electrodynamic compression of the external cupper tube under the action of the magnetic field of a spiral inductor carrying a pulsed current. An amplitude of the magnetic pressure was varied from 0.1 GPa to 0.3 GPa, in order to investigate its effect on the compressibility of the tape-reeled preform. After RMPC, the steel rod and the copper tube were removed from the compact. For the purpose of comparison, the as-supplied powders (P1 and P2) were filled into the cupper tubes and compacted by RMPC. The detailed RPMC procedure can be found in Refs. 6-10).
The RMPCed compacts prepared from the tapes were sintered at temperatures of 1600$1700
C for 3 and 10 h, whereas others from the powders at 1600 C for 3 h. To burn out the contained polymeric additive, the heating rate did not exceed 0.2 C/min up to 400 C. The final sintered thin-wall tubes had a length of 60 mm, an outer diameter of 7 mm and a thickness of 1.2 mm. C, a weight loss (TG in the figure) of 1.8% took place, which was mainly caused by evaporation of the adsorbed water in the P1 powder. On the other hand, a weight change for the P2 powder reached 5% as shown in Fig. 2(b) , and peaks for emission of water and carbonic gas were also observed in the temperature range of 210$420 C, due to decomposition of the 4 mass% polymeric additive in the P2 powder ( Fig. 2(b) ). It was further noted that the weight loss during heating was increased up to 14% in case of the T1 tape, since much more polymeric additive (13 mass%) was decomposed in the tape (Fig. 2(c) ). The thermal analysis result for the T2 tape was very similar to that for the T1 tape, owing to the same amount of polymeric additive in both the T1 and T2 tapes. Figure 3 presents the linear shrinkage of RMPCed compacts made from the given types of the starting powders (P1 and P2) during heating up to 1500 C. Some shrinkage during 200$300 C was observed only in the P2 powder, owing to the decomposition of polymeric additive (4 mass%), which was confirmed by the thermal analysis result (Fig. 2(b) ). It was noticed that the densification of both powders began at about 800 C, but remained to be incomplete in this specified heating regime. A low threshold temperature (800 C) for densification indicated a presence of a considerable amount of fine powders less than 1 mm, as it is generally known that adding fine powders promotes the densification and provides denser materials. 7, 11) It can be also noted that the total shrinkage of the polymer-containing P2 powder was much higher than that of the polymer-free P1, suggesting that the granulated P2 powder had a higher sinterability than the P1 raw powder. In the granulated P2 powder, the primary Y 2 O 3 particles could be distributed more homogeneously than in the P1 powder, so the Y 2 O 3 particles in the P2 powder might be densified more efficiently. Table 1 shows the measured properties for the compacted and sintered samples for the P1 and P2 powders. The relative densities were calculated by the theoretical density of 5031 kg/m 3 . As indicated in Table 1 , the compact using the P1 powder showed a higher relative density (almost 70%) than that using the P2 powder, due to the presence of the lowdensity polymeric additive (4 mass%) in the P2 powder. On the contrary, the higher sintered density was observed in the sample using the P2 powder (relative density: almost 99%), while it was limited to 97% when using the P1 powder. During heating up, the polymeric additive in the P2 powder evaporated as noted from Fig. 2(b) , and then densification progressed more actively, since the granulated P2 powder improved the sinterability of the compact.
Fabrication of thin-wall tubes using the powders (powder technology)
12) The high shrinkage in Fig. 3 and Table 1 testified to the intense densification of the P2 powder during sintering.
Despite the high density of 99%, the fabrication of the Y 2 O 3 thin-wall tube was failed by using the powder technology. As shown in Fig. 4(a) , the sintered tubes were broken or bent, owing to the inhomogeneous density distribution along both the longitudinal and radial directions, which has frequently appeared in ceramics produced by powder technology. 6, 7) Such inhomogeneous density distribution was verified evidently by a large deviation of hardness value, 10 AE 3 GPa, within one sintered sample.
Fabrication of thin-wall tubes using the tapes (tape technology)
Although the fabrication method, using the tape-reeled performs, was more complicated, it offered several advantages over the powder technology. In the first place, winding of tapes on the steel rod provided the high density of preforms prior to RMPC. Such condition was beneficial to exclude shock waves during RMPC and to impede the cracking of the compact. Simultaneously, the density change during RMPC was minimized by applying the dense tape-reeled performs, thereby giving a high homogeneity throughout the compact. In addition, the considerable amount of the polymeric additive (13 mass%) enhanced the toughness of the compact, which facilitated pressing out of the compact from the external cupper tube without spoilage after RMPC.
Experimentally, the main process variable during RMPC of the tape-reeled perform was the amplitude of the applied magnetic pressure. When the pressure was less than 0.15 GPa, the reeled-up tape was not compacted and separated. As the pressure increased to 0.2 GPa, the voids and pores between the tape layers were reduced, and finally disappeared above 0.2 GPa. When the pressure exceeded 0.22 GPa, however, the cracks were observed during the subsequent sintering due to the excessive stored strain energy in the compact. Accordingly, the optimum pressure was about 0.2 GPa, where the tapes were compacted well without noticeable defect between the tape layers as shown in the inset of Fig. 4(b) .
The view of the polymer-containing compacts, prepared by tape-casting and RMPC, is presented in Fig. 4(b) , and the relative densities of those compacts are pointed out in Table 2 together with the relative sintered densities. In this case, the relative density of the compact was defined as the volume fraction of the Y 2 O 3 powder inside the compact, since the used tape contained much more polymeric additive as compared to the starting powder. In contrast to the result C of the compacts prepared using P1 and P2 powders (I: length, I o : initial length). on the powder technology (Table 1) , the relative density of the compacts using the T2 tape was similar to that using the T1 tape, since both the tapes possessed the same amount of polymeric additive (13 mass%) despite the different states of the precursor powders. However, the sintered densities were higher when using the T2 tape, due to the superior sinterability of the contained P2 powder as explained earlier (see Fig. 3 ).
At the sintering temperature of 1600 C, the densification of the compacts was stopped before 3 h, and thereafter, the density was not increased (Table 2) . However, the increased sintering temperature was beneficial to the densification, so the relative sintered density was increased up to 99:7$99:9% at the sintering temperature of 1700 C. The fractured surfaces of two samples sintered at 1600 C for 3 h and at 1700 C for 10 h using the T1 tape are shown in Fig. 5 , respectively. The structure of the sample sintered at 1600 C was very fine with a crystallite size of 2 mm (Fig. 5(a) ), but this sample with the relative density of 98.6% revealed several pores in its fractured surface (arrows in Fig. 5(b) ). The increase in the sintering temperature resulted in the denser structure with few pores, while the crystallite size was increased to 10 mm (Fig. 5(c) and (d) ).
The view of the resultant Y 2 O 3 thin-wall tubes fabricated by the tape technology is presented in Fig. 4(c) . All the fabricated tubes were net-shaped and crack-free. This result demonstrated that the density variation in the RMPCed compact was minimized by using the tapes, and thus the dimension change during sintering was quite homogeneous throughout the compact. Experimentally, the deviation of hardness within one sintered sample was less than 5% (10:5 AE 0:5 GPa), suggesting the high homogeneity of the fabricated tubes. In addition, the relative fracture toughness of these tubes was measured to be 2.37 MPaÁm 1=2 via an indentation method, which was two times higher than that of Y 2 O 3 ceramics produced industrially (1.23 MPaÁm 1=2 ).
13)
Based on the above tape technology, the thin-wall tubes with the diametrical step-off were finally fabricated as shown in Fig. 4(d) . In this case, the inner part of A in Fig. 4(d) was wound first by the Y 2 O 3 -based tape (one third of the total tube thickness), and then the rest was filled with the polymeric tape without Y 2 O 3 powders. During sintering, the outer polymeric layer was wholly evaporated, so a deep stepped shape in outer diameter could be fabricated without flaws as indicated by arrows in Fig. 4(d) .
Conclusion
In this study, tape-casing and RMPC were introduced to fabricate Y 2 O 3 thin-wall tubes, especially ones with stepped shape in their outer diameter. Using the tape technology, the density variation in the RMPCed compact was minimized, and consequently the highly homogeneous tubes were obtained by subsequent thermal sintering. On the other hand, all the tubes prepared using the powders were cracked or bent during sintering, owing to the inhomogeneous density distribution within the compact.
The granulation of the Y 2 O 3 powders improved the sinterability of the compact, so the samples, prepared using the T2 tape containing the granulated P2 powder, revealed the highest relative density close to 100%. The resultant tubes showed the fine microstructure with the crystallite size of 2$5 mm, and their relative fracture toughness was two times higher than that of Y 2 O 3 ceramics produced industrially.
